Analogous to 2D layered transition metal dichalcogenides, the TlSe family of 1D chain materials with Zintl-type structure exhibits exotic phenomena under high-pressure. In the present work, we have systematically investigated the high-pressure behavior of TlInTe 2 using Raman spectroscopy, synchrotron X-ray diffraction, and transport measurements, in combination with crystal structure prediction (CSP) based on the evolutionary approach and first principles calculations. We found that TlInTe 2 undergoes a pressure driven semiconductor to semimetal transition at 4 GPa, followed by a superconducting transition at 5.7 GPa (with T c = 3.8 K) induced by a Lifshitz transition. The Lifshitz transition is initiated by the appearance of new electron pockets on the Fermi surface, which evolve with pressure and connect to the adjacent electron pockets forming an umbrella shaped Fermi surface at the top and bottom of the Brillouin zone. An unusual giant phonon softening (A g mode) concomitant with a V-shaped T c behavior appears at 10-12 GPa as a result of the interaction of optical phonons with the conduction electrons, resulting in Fano line shaped asymmetry in A g mode. A prominent T c anomaly concurrent with the A g mode softening at 19-20 GPa is correlated to the semimetal to metal transition. The CSP calculations reveal that these transitions are not accompanied by any structural phase transitions up to the maximum pressure achieved, 33.5 GPa. Our findings on TlInTe 2 open up a new platform to study a plethora of unexplored high pressure novel phenomena in TlSe family induced by Lifshitz transition (electronic driven), phonon softening and electron-phonon coupling.
I. INTRODUCTION
Soon after the discovery of non-trivial topological quantum states in chalcogen based semiconductors with narrow band gaps and strong spin-orbit couplings (SOC), the two dimensional (2D) layered semiconductors opened up a new avenue to scrutinize novel pressure induced phenomena, such as quantum phase transitions, topological superconductors, charge density waves, structural phase transitions, Lifshitz transitions etc. [21, 38, 49, 50] In contrast to layered 2D materials, one dimensional (1D) chain materials such as TlInTe 2 , TlInSe 2 and TlGaTe 2 are relatively under explored from the perspective of high pressure research although they exhibit astonishing properties at ambient pressure. [7, 31] For instance, TlInSe 2 exhibits exceptionally high thermoelectric properties, which is correlated to the formation of an incommensurate superlattice. [25] TlInTe 2 exhibits ultra-low thermal conductivity (< 0.5 W/mK in the temperature range 300-673 K) [16] owing to the spatial fluctuation of Tl 1+ cation inside the polyhedral framework of a sublattice formed by Tl 1+ and Te 2− ions.
The Zintl type chain material, TlInTe 2 crystallizes in tetragonal structure having space group, I/4mcm (B37) with Z = 4, which is iso-structural to its parent TlSe compound. [8] The unit cell of TlInTe 2 has two sublattices, viz. In 3+ Te 2− 4 tetrahedral and Tl 1+ Te 2− 8 polyhedral (with eight vertices) sublattices. In In 3+ Te 2− 4 sublattice, four Te 2− anions are tetrahedrally bonded to an In 3+ cation, with the corner sharing of Te atoms along c-axis forming an anionic chain. Similarly, the Tl 1+ cation is loosely bonded to eight Te 2− ions in the Tl 1+ Te 2− 8 sublattice, forming a cationic chain along c-axis, where the Tl 1+ ions spatially fluctuate inside the square anti-prismatic (Thomson cube) cage. [16] The Te 2− anions in the anionic chains are interconnected via covalent bonding (intrachain bonding) whereas the anionic and cationic chains are connected to each other by weak ionic bonding (interchain bonding). Thus the presence of two different bonding schemes, such as intrachain and interchain bonding in TlInTe 2 combined with its narrow band gap and strong SOC, provide a platform to explore a plethora of pressure induced exotic phenomena including semiconductor to semimetal transition, structural phase transitions, superconductivity, non-trivial topological states, Lifshitz transition, and an incommensurate phase formation (due to the spatial fluctuation of Tl 1+ cation inside the Thomson cube). The anisotropic bonding scheme in TlInTe 2 is anticipated to allow different compression rates along a and c directions, which may leads to bonding changes, gradual symmetry lowering structural transitions, anisotropic bond length changes etc. [39, 48] Astonishingly, InTe is iso-structural to TlInTe 2 , which exhibits superconductivity. [11] Due to an analogous structural relationship between InTe and TlInTe 2 , we anticipate that TlInTe 2 would also exhibit superconductivity under moderate pressure. In addition, the mechanism giving rise to the origin of superconductivity in the TlSe family has not been explored yet. Strikingly, the monolayer of TlSe (S.G:I4/mcm) is predicted to be a topological insulator under uniaxial compression [28] while InTe shows a band inversion under hydrostatic pressure. [35] . The electronic structure and Fermi surface topology changes under high pressure can provide insights into band inversion, topological and Lifshitz phase transitions. [1, 6, 17, 22] Moreover, the role of electron-phonon interactions, the evolution of superconducting transition temperature (T c ) with pressure, and the origin of superconductivity are yet to be investigated on this class of materials.
Preliminary high pressure Raman studies on TlInTe 2 up to ∼17 GPa suggested the emergence of a sluggish phase transition at 7 GPa due to the breaking or rearrangement of chains, which appeared to coexist with the parent tetragonal phase (B37) up to 17 GPa. [45] Because of a lack of high pressure X-ray diffraction studies, the existence of a structural transition proposed at 7 GPa is still undetected. Similarly, room temperature resistivity measurements carried out on TlInTe 2 along c-direction exhibited continuous metallization up to 7 GPa upon cooling to liquid nitrogen temperature. [34] Since there is no systematic high pressure transport measurements on TlInTe 2 , in this work, we investigate high pressure structural, vibrational and superconducting behavior of TlInTe 2 using high pressure Raman spectroscopy, synchrotron X-ray diffraction, and transport measurements combined with CSP using USPEX and first principles calculations based on density functional theory.
II. EXPERIMENTAL DETAILS
A detailed synthesis procedure of TlInTe 2 powder samples are discussed elsewhere. [16] A symmetric type diamond anvil cell (DAC) with culet size of 300 µm was used for both high pressure synchrotron X-ray diffraction (XRD) and Raman measurements. A stainlesssteel gasket was preindented to a thickness of 40 µm and a hole was drilled at its center to a diameter of 150 µm using laser drilling machine at High-Pressure Collaborative Access Team (HPCAT). A thin pellet of size 40 µm was loaded into the sample chamber. High pressure synchrotron XRD studies were carried out at 16-BM-D beamline at HPCAT, Ad-vanced Photon Source. The hydrostatic condition was achieved by using Ne gas as pressure transmitting medium (PTM). The spot size of the X-ray beam used was ∼5 µm and the X-ray beams diffracted from the sample was detected by an imaging plate detector. The 2D XRD image was converted to a 1D pattern by using Fit2D software [13] and the XRD data were fitted by using Fullprof Suite software. [36] The pressure was determined by ruby fluorescence method. [26] . Raman measurements were carried out on a Renishaw inVia Raman spectrometer and the sample was excited by using a green laser (λ = 532 nm). The Ne gas was used as PTM for Raman measurements. The Raman data were collected using a CCD detector.
The transport measurements up to 3.9 GPa were carried out with Janis ST-500 continuous flow cryostat at to the temperatures down to 12 K and above 3.9 GPa, it was carried out using Quantum Design physical property measurement system (PPMS). High pressure was achieved by a Cu-Be diamond anvil cell and the resistance was measured by four probe method. Boron nitride powder was used to form an insulating gasket for the sample and Pt wires were used as electrical leads. No pressure transmitting medium was used for the transport measurements.
III. COMPUTATIONAL DETAILS
First principles crystal structure prediction calculations were carried out using Universal Structure Predictor: Evolutionary Xtallography (USPEX) code based on evolutionary approach [24, 29, 30] . We performed an extensive crystal structure search with fixed composition (TlInTe 2 ) at distinct pressures such as ∼ 0, 10, 30, and 50 GPa with 2, 4 and 8 formula units per primitive cell. The first generation with 150 structures is randomly generated and the succeeding 44 generations with a population size of 50 were obtained by applying heredity (50%), random (20%), soft mutation (20%), and lattice mutation (10%) operators until the best structure remains invariant up to 20 generations. The first principles calculations were performed within the framework of density functional theory (DFT). To obtain the global minimum energy structures, the structural optimization with projector-augmented plane-wave (PAW) potentials [20] , within the generalized gradient approximation of Perdew-Burke-Ernzerhof (PBE) parametrization [33] as implemented in the Vienna Ab-initio Simulation Package (VASP). [19] The PAW potentials with 5s 2 5p 6 5d 10 6s 2 6p 1 , 4s 2 5s 2 4p 6 4d 10 5p 1 and 4s 2 5s 2 4p 6 4d 10 5p 4 electrons are treated as valence states for Tl, In and Te respectively.
A kinetic energy cutoff of 530 eV was used for the plane wave basis set expansion and also 2π × 0.024Å −1 k-spacing has been chosen to sample the Brillouin zone.
Electronic structure and Fermi surface topology at high pressure were calculated using Tran-Blaha modified Becke Johnson (TB-mBJ) potential [44] implemented through WIEN2k package. [37] To achieve energy eigen value convergence, wave functions in the interstitial region were expanded in plane waves with cutoff, K max = 7/RMT, where RMT is the smallest atomic sphere radius and K max denotes the magnitude of largest k vector in plane wave expansion, while the charge density was Fourier expanded up to G max = 14. The muffin-tin radii were assumed to be 2.6 Bohr for Tl and 2.5 Bohr for In, Te atoms.
IV. RESULTS AND DISCUSSIONS

V. HIGH PRESSURE RAMAN SPECTROSCOPY
The primitive cell of TlInTe 2 has eight atoms, results in 24 (3N; where N is number atoms per primitive cell) phonon modes at the Γ point of the Brillouin zone and the factor group analysis yields:
where the subscripts 'g' and 'u' denote gerade and ungerade modes, respectively. Out of 24 vibrational (3 acoustic and 3N-3=21 optical) modes, seven are Raman active and five are IR active. Since our Raman spectrometer can detect only frequencies above 100 cm −1 , we have observed only two Raman active modes, viz. A g = 127.8 (127) [10] cm −1 and E g = 139 (138) [10] cm −1 of TlInTe 2 at ambient pressure, where the A g mode represents the opposite motion of adjacent Te 2− anions in the In 3+ Te 2− 4 tetrahedra and the E g mode represents the vibration of Te 2− ions along the chain (XZ plane) or the motion of In 3+ cation along the XY plane as illustrated in Fig. S1a . [10, 45] The Raman modes observed in this work are in excellent agreement with the previous Raman measurements [10] as well as with the recent theoretical calculations (A g = 128.2 and E g = 138.8 cm −1 ). [47] . Raman spectra of TlInTe 2 at different pressures are as shown in Fig. 1a and the pressure dependence of Raman modes, A g and E g are plotted in Fig. 1 b & c. It is evident from Fig. 1a that the intensity of these Raman modes decreases with pressure. The A g mode exhibits a distinct softening
whereas the E g mode shows a subtle softening at 4 GPa as shown in the inset of Fig. 1b 
Moreover, the intensity ratio of E g and A g modes exhibits a significant change at 4 GPa ( Fig.   1d ). In order to further comprehend the high pressure behavior of Raman modes, pressure coefficients and mode Grüneisen parameters are calculated by fitting the pressure-frequency data of phonon modes up to 4 GPa to a straight line. The calculated pressure coefficients of A g and E g modes are as shown in Table S1 and are closely comparable to the previously reported values. [45] The relative stiffness of the A g mode, with a pressure coefficient of 1.51 cm −1 /GPa compared to that of E g mode, 3.54 cm −1 /GPa, suggests a disparity in the bonding behavior of intra and inter chains of TlInTe 2 [see Table S1 ]. The bonding behavior and various forces acting on a crystal can be inferred from mode Grüneisen parameters (γ), which are calculated from the above linear fit by using the following relationship:
where ω 0 is the frequency and B 0 is the bulk modulus at ambient pressure. The calculated B 0 of TlInTe 2 is 19.4 GPa (see Fig. 2c ). However, the calculated γ values of A g (γ = 0.23) and E g (γ = 0.5) modes are much smaller compared to the reported values; A g (γ = 0.81) and E g (γ = 1.6) [45] [see Table S1 ], which is due to large bulk modulus value (B 0 = 58.3 GPa; ∼ 3 times larger than the one obtained in this work) used for calculating the γ values. [45] It is interesting that the pressure dependence of the full width at half maximum (FWHM) of the A g mode is constant up to 6 GPa, while above this pressure, the phonon line width exhibits a dramatic increase [ Fig. 1d ]. Similarly, the intensity ratio of E g and A g modes exhibits a minimum around 6 GPa [see the inset of Fig. 1d ]. The phonon life time change (FWHM (cm −1 )) of A g mode and a minimum in pressure versus intensity ratio of E g and A g modes hint at another transition at 6 GPa [ Fig. 1d ]. Upon further compression, we observe major changes in the frequency of A g phonon mode as shown in Fig. 1b . For instance, an abnormal frequency reversal (softening) of the A g mode, and a subtle softening of E g mode, are observed around 10-12 GPa. The anomalies at 19 GPa and 25 GPa are indicated by softening and discontinuity (collapse) of the frequency of A g mode, respectively.
Since Raman spectra ( Fig. 1 ) do not provide any explicit evidence of either appearance or disappearance of phonon modes up to the maximum pressure achieved (29 GPa) . This suggests that the origin of these transitions are unrelated to structural phase transitions. A more detailed investigation of the above transitions are discussed in the subsequent sections with reference to high pressure synchrotron XRD, transport measurements, crystal structure predictions and first principles calculations.
A. High pressure synchrotron X-ray diffraction and crystal structure prediction
To obtain further insight on the nature of transitions observed in high pressure Raman measurements, high pressure synchrotron X-ray diffraction (HPXRD) studies were carried out on TlInTe 2 . The HPXRD pattern of TlInTe 2 for typical pressures (1.1 -33.5 GPa) as shown in Fig. 2a . The lattice parameters are extracted from the XRD pattern by Le Bail method. [36] Our attempts to perform Rietveld refinement were unsuccessful as some of the in the supporting information (see section S1). In addition, the unit cell parameters and atomic positions of the predicted B37 and high-pressure phases are provided in Table S2 along with the available experimental data. [16] We have also calculated pressure dependent lattice parameters and equation of state Figure 3a shows resistance behavior of TlInTe 2 determined using a physical property measurement system for selected pressures up to 3.9 GPa and temperatures down to 12 K, and to liquid He temperature for pressures at 5.7 GPa and above. The resistance behavior of TlInTe 2 measured at 1.1 GPa evinces a semiconducting behavior [ Fig. 3a ]. Furthermore, the resistance is suppressed with pressure and a dramatic decrease is observed at 3.9 GPa, which is interpreted as arising from a semiconductor to semimetal transition. Strikingly, the resistance exhibits an increase at 5.7
GPa in comparison to its preceding pressure (3.9 GPa) and the observed resistance anomaly the lowest T c at 10 GPa followed by another distinct anomaly at 19 GPa (inset of Fig. 3c ).
The experimental plot of upper critical field against temperature at 5.75 GPa and 10.1 GPa can be fitted by using the Ginzburg-Landau (G-L) equation [9, 32] 
where the upper critical field at T = 0 K (H c2 (0)), and n are fitting parameters. The value of n is found to be < 1 and the calculated H c2 (0) values are 3.6 (at 5.75 GPa) and 4 (at 10.1 GPa). These values are lesser than that of a Bardeen-Cooper-Schrieffer (BCS) weak coupling superconductor with Pauli paramagnetic limit; µ 0 = 1.86 and T c = 6.34 K at 5.75
GPa.
Electronic structure calculations were performed to obtain further insight into the nature of the anomaly noticed at 5.7 GPa (see Fig. 3c ), are discussed extensively in this section.
The calculated electronic band structure of TlInTe 2 at ambient pressure reveals that it is Figs. 4, 5 , S10 and S11.
The most important discovery in this work is the emergence of superconductivity at 5.7
GPa followed by a V-shaped T c behavior concomitant with the giant softening of optical phonon mode, A g at the same pressure, 10-12 GPa [Fig. 3b ]. The occurrence of maximum inflection point of resistance noticed at 5.7 GPa is in conjunction with the phonon lifetime change of the A g mode, the intensity change and compressibility change at 6 GPa. Surprisingly, the changes thus observed are seen to be concurrent with the superconducting transition at 5.7 GPa providing a hint that these transitions can be related to each other.
A possibility of topological nontrivial phase has already been predicted for TlSe family.
For instance, the first principles calculations on monolayer TlSe reveals an occurrence of topological crystalline insulator state at ambient pressure, which transforms to a topological insulating state under tensile strain [28] . Similarly, InTe from the same family is predicted to exhibit two successive band inversions at Z and M point of the Brillouin zone at ∼1 and ∼1.4
GPa respectively [35] . A comparison of band structures of TlInTe 2 and InTe suggests that the presence of Tl 6s-states near the Fermi level completely changes the band topology of TlInTe 2 when compared to InTe. Moreover, the electronic band structure calculations reveal that the applied pressure simultaneously increases electron and hole populations in the B37 phase as reported for InTe [35] and NbAs 2 [22] . Our calculations do not provide any evidence for the topological transition at 6 GPa, therefore, we anticipate that this transition could be Having resolved the origin of superconductivity, next we focus on the origin of V-shaped T c behavior at 10 GPa and its correlation to the giant A g mode frequency softening at 10-12 GPa. HPXRD studies together with structure prediction calculations confirm that the A g mode softening is unrelated to a structural phase transition. We assign the pressure at which the T c value goes to a minimum as the critical pressure (P c ) [ Figure 3 ]. In order to decipher the frequency softening at 10-12 GPa, we compare our results with iron (Fe) based and PbTaSe 2 superconductors. Interestingly, an identical V-shaped T c behavior has already been extensively studied in Fe-based superconductors such as KFe 2 As 2 , RbFe 2 As 2 and CsFe 2 As 2 . [41] [42] [43] 46] The plausible reason for the origin of V-shaped T c behavior in these materials is interpreted as the change in pairing symmetry from d to s ± state before and after the critical pressure (P c ), respectively. Similarly, a V-shaped T c behavior is also reported for PbTaSe 2 in the pressure range 0.5-1 GPa, which is attributed to the Lifshitz transition.
Moreover, a V-shaped T c is also predicted for high temperature superconductor H 3 S in the pressure range 120-500 GPa, which is due to small and unfavorable effect of the applied pressure on electronic density of states and electron-phonon matrix elements. [6] In contrast to the iron-based superconductors, TlInTe 2 do not possess any magnetic ordering, hence we rule out the possibility of any pairing symmetry change at the critical pressure (P c ). Since the giant phonon mode softening and T c change are observed around the same pressure, we propose that the observed V-shaped T c behavior is induced by phonons. A phonon mode softening and line width changes similar to that reported here for TlInTe 2 , has already been reported in cuprate, yttrium barium copper oxide (YbBa 2 Cu 3 O 7 ) at low temperature. [14, 40] The phonon mode changes in YbBa 2 Cu 3 O 7 at low temperature is attributed to the electronphonon coupling. In order to comprehensively understand the origin of V-shaped T c behavior in TlInTe 2 , we carried out a detailed line shape analysis of phonon modes. Surprisingly, an obvious asymmetry begins to emerge at P=8.84 GPa and above to the left (low frequency region) of A g mode. This asymmetry could not be fitted with a pure Lorentzian, but it could fit very well with a Fano line shape function as shown in Fig. S12 (also see section   4 ). The fitting of A g mode with Fano line shape function at 8.84 GPa is shown in Fig. S12 .
The Fano asymmetry in phonon line shape arises as a result of coherent coupling of Fano interference between discrete phononic states with the broad electronic continuum formed by the conduction electrons. The asymmetric line shape observed in A g phonon mode is fitted with the Fano line shape using the following equation [3, 12] 
where A is a constant, ω 0 is the modified (re-normalized) frequency in the presence of electron-phonon interaction, q is asymmetric parameter, 1 q is the strength of the interaction and Γ(cm −1 ) is the phonon line width, which is related to phonon life time. As 1 q tends to zero, the Fano line shape becomes Lorentzian. Fig. S12 represents the fitting of A g phonon mode with equation (1), yielding q = -10.84(1.00) and Γ = 2.10(0.5) cm −1 . A negative q value represents the interference between discrete phonon states with the electron continuum of the conduction electrons constructively at the lower frequency (cm −1 ) region whereas it destructively interferes at the higher frequency (cm −1 ) region. The large asymmetric parameter (q) values suggests that the electron-phonon interaction strength is weak, however, we anticipate that it might enhance at low temperature close to T c . The pressure dependence of q exhibits a maximum around 10.5 GPa. Similarly, the phonon lifetime (FWHM) of A g optical mode shows an obvious slope change around 12 GPa. Thus, the giant phonon frequency softening, change in asymmetry parameter and phonon lifetime changes suggest a prominent electron-phonon coupling in TlInTe 2 above 8 GPa at room temperature. As illustrated in Fig. S11 , the conduction electrons are contributed predominantly by In-5s, Tl-6p and Te-5p orbitals at 15 GPa. Since the A g phonon mode experiences a giant softening at 10-12 GPa, it is most likely the A g optical phonon mode couples with conduction electrons of In-5s or Te-5p orbitals or both, resulting in V-shaped T c behavior. Therefore, we propose that the V-shaped T c behavior in TlInTe 2 is induced by electron-phonon coupling. An abrupt change in slope observed in pressure versus A g phonon mode at 19 GPa and the T c change at 20 GPa are very close, so the phonon softening is accompanied with T c change.
The T c value exhibits a small drop at 20 GPa prior to increasing further at higher pressures. Fig. 3d shows a quadratic decrease in resistance above 5.7 GPa, which saturates around 20
GPa. In order to further understand these changes, we compared our experimental results with the electronic band structure calculations shown in Fig. 4 Insights into the nature of charge carriers at ∼19-20 GPa must await using a more detailed transport studies with single crystals.
Finally, we explore the plausible reasons for the origin of ∼4 % frequency collapse of A g phonon mode and also a subtle frequency change of E g mode at ∼25 GPa. The HPXRD studies and DFT calculations reveal that the frequency collapse is not accompanied by changes in any of the structural parameters, unit cell volume, lattice parameters and coordination numbers. Since we could not extract bond lengths and bond angles from HPXRD data, we have calculated this information from the first principles calculations. Interestingly, we have noticed that the In-Te bond length becomes stiffens above 25 GPa as shown in Fig.   S13 . Similarly, a subtle slope change has also been noticed in the bond lengths of In-In and Tl-Tl [ Fig. S13 ]. Hence, the origin of frequency collapse can not be explained by the bond length stiffening occurring at 25 GPa. As shown in Fig. S14 , we observed discontinuities in the calculated in-equivalent bond angles (Te-Tl-Te) of distorted Thomson cube of Tl-Te 8 at 5-6 GPa and 10-12 GPa. The first discontinuity in the pressure range of 5-6 GPa is due to semi conductor to semi metal transition and the second discontinuity is accompanied with the giant A g phonon mode softening at 10-12 GPa. Our bond angles calculations do not provide any evidence of drastic change at 25 GPa. So we carried out a detailed structural analysis to ascertain if the frequency collapse is induced by changes in dimensinality or tilting of the Tl-Te 8 Thomson cube. As illustrated in Fig. S4 , the 1D nature of the ambient B37 phase remains robust even up to 37.5 GPa and a continuous rotation of square planes of Thompson cubes induces a systematic tilting (see Fig. S15 ). However, the continuous tilting does not justify an abrupt frequency change (collapse) at 25 GPa. Therefore, we rule out the possibility of either 1D (chains) to 2D (sheets/planes) or tilting of Tl-Te 8 changes as driving force for the cause of the observed frequency collapse at 25 GPa. Therefore, we anticipate that the plausible origin of the frequency collapse at 25 GPa might be stemmed from some other unusual phenomena and more detailed studies are required to resolve its origin.
VI. CONCLUSIONS
We systematically investigated the origin of pressure induced superconductivity, giant softening and frequency collapse of A g mode using high pressure Raman spectroscopy, synchrotron XRD, transport measurements, crystal structure prediction and first principles calculations. A semiconductor to semimetal transition is observed around 4 GPa followed by a resistance anomaly at 6 GPa, which is correlated to the Lifshitz transition. 
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Origin of superconductivity and giant phonon softening in TlInTe 2 under pressure TABLE S1. The experimental Raman mode frequencies, pressure coefficients and Gruneisen parameters of A g and E g modes of TlInTe 2 are calculated by fitting pressure versus Raman frequencies to the equation ω(P ) = ω(P 0 ) + a ×( P-P 0 ), where P 0 is the ambient pressure and 'a' is the pressure coefficient. 
